INTRODUCTION
Communication is an integral part of social behavior and its function has been studied extensively for many taxa such as insects, frogs, birds, bats, and cetaceans. At least some species in each of these taxa have complex social systems with potentially sophisticated communication mechanisms (Janik & Slater 1997 ). An example of a sophisticated mechanism is singing, a behavior during which a species produces long, repetitive, vocal signals that can change considerably over time. Complex singing behavior is observed in many species, primarily in birds (e.g. Read & Weary 1992 , Catchpole & Slater 1995 as well as some marine mammal species (e.g. Payne & McVay 1971 , Oleson et al. 2007 , Stafford et al. 2008 . Song occurrence typically peaks during the breeding season, is usually highly seasonal in occurrence, and assumes a less structured form, or disappears altogether outside of the breeding season (Brenowitz et al. 1997 , Staf ford et al. 2001 , Van Opzeeland et al. 2010 .
Humpback whales Megaptera novaeangliae are known to produce a wide variety of non-song vocalizations, which include social and feeding calls (Silber 1986 , Stimpert et al. 2007 , Dunlop et al. 2008 , in addition to their complex, repetitive, patterned song (Payne & McVay 1971) . Songs are only sung by male humpback whales and are mostly heard during the winter breeding season (Winn & Winn 1978) . It has been shown in bird song studies that male singers vocalize to exclude males, attract females to mate with them, and/or stimulate female reproductive behavior and physiology (Kroodsma & Byers 1991) . Similarly to bird song, humpback whale song likely has more than one function. The predominant explanations include the purposes of mating, serving to attract prospective female mates and/or establish dominance among males (Tyack 1981 , Darling & Berube 2001 . Males within the same population display similar songs, which supports the notion that some form of vocal learning results in a common song that can sometimes change drastically over time, while at other times changing more gradually and progressively (Payne et al. 1983 , Noad et al. 2000 .
Most humpback whales migrate annually between summer feeding areas in colder temperate waters and winter breeding grounds in tropical waters (Dawbin 1966) . In the western North Atlantic Ocean, humpback whales breed in the West Indies in Caribbean waters (Martin et al. 1984) . During early spring, they leave their breeding grounds, migrate towards higher latitudes and feed in several regions including the Gulf of Maine, Eastern Canada, Western Greenland, Iceland and Norway (Katona & Beard 1990 , Smith et al. 1999 . Humpback whales routinely use the waters within the Stellwagen Bank National Marine Sanctuary (SBNMS), situated in the southern part of the Gulf of Maine, from April through December to feed on sand lance Ammo dytes spp. (Overholtz & Nicolas 1979) .
Although song is primarily linked with breeding areas, studies have detected humpback whale songs at higher latitudes outside of breeding grounds. In these studies, songs have been recorded both on migration (Clapham & Mattila 1990 , Norris et al. 1999 , Charif et al. 2001 ) and over short time periods on feeding grounds (Baker et al. 1985 , Mattila et al. 1987 , McSweeney et al. 1989 , Clark & Clapham 2004 . For instance, Clark & Gagnon (2004) used an ocean basin sound surveillance system (SOSUS) array to document protracted, 6 mo seasonal singing patterns during migration throughout the western North Atlantic. Charif et al. (2001) showed similar patterns of singing in the eastern North Atlantic and discovered a previously unknown migratory pathway off the British Isles. McSweeney et al. (1989) recorded humpback whale songs on the southeast Alaskan feeding grounds in August 1979 and September 1981, the first known complete humpback whale songs recorded on any feeding grounds. Mattila et al. (1987) opportunistically recorded songs in the months of March through November in the SBNMS and reported on the complete songs they found in the late autumn months. Clark & Clapham (2004) 
MATERIALS AND METHODS
Passive acoustic recordings were collected over 2 years, from January to December 2006 and 2008, throughout SBNMS (42°33' N, 70°25' W) using marine acoustic recording units (MARUs) (Fig. 1a) . MARUs are archival bottom-mounted acoustic recording units designed by the Cornell University's Laboratory of Ornithology Bioacoustics Research Program (BRP) for the purpose of continuously monitoring and recording marine sounds (www.birds.cornell. edu/ brp/ hardware/pop-ups).
In 2006, 9 MARUs were deployed with an 8 nautical mile (n mile) inter-unit distance bounding an acoustically detected area of between 1500 to 1800 n miles 2 in SBNMS. The MARUs recorded continuously at a sample rate of 2 kHz for successive 3 mo periods. The MARU locations were selected to maximize coverage throughout the study and were deployed at roughly the same locations every 3 mo. In 2008, arrays of 10 MARUs were deployed between 3 to 6 n miles apart for successive 3 mo periods. The 2008 MARU locations focused on marine mammal acoustic hotspots identified from the 2006 data as part of a larger scale effort to acoustically track marine mammals.
Humpback whale songs produce source levels ranging between 151 and 173 dB re 1 µPa (Au et al. 2006) . SBNMS is a sufficiently small area that the same whale songs were present on 3 to 7 MARU re cordings at any given time. Based on this, the decision was made to consider SBNMS as a single acoustic area for humpback whale songs. A cursory look at the 2006 data revealed that MARUs located to the west of Stellwagen Bank appeared to contain low quality recordings of song and were likely acoustically shaded compared to MARUs to the north or east of the bank. Therefore, a single MARU was chosen for both years for each 3 mo deployment period from units to the north or east of the bank, with the chosen location being in the same area over both years (Fig. 1b) . MARUs were not deployed in June 2006 and 2008 because of the high risk of loss due to heavy bottom trawling fishing activity. Reader are referred to Clark & Clapham (2004) for data on the presence of humpback whale song in June. Other gaps in recordings indicate the time needed to retrieve one array and deploy the next. These gaps range from 8 to 34 d. Acoustic recordings were analyzed for song occurrence and song session length using the eXtensible BioAcoustic Tool (XBAT) (www.xbat.org).
Song occurrence
To analyze both years of data for song occurrence, an automated template detector based on spectrogram cross-correlation was constructed in XBAT using a single song unit found consistently throughout 2006 and 2008 songs (Fig. 2) . These units were optimally selected after constructing re ceiver operating characteristic (ROC) curves for all candidate units from songs of each year. Data were processed for the presence of the identified song unit, and the occurrence of this unit was taken as a proxy of singing. All hours that contained the detections were reviewed in 1 h spectrograms by a human analyst. Each hour was scored for song presence or absence and used to calculate an index of hour per day with song. All detections containing false positives were removed from the data. The number of false negatives was evaluated in order to better understand the detector's efficiency. Six random days were selected out of each of the 11 available months under varying ambient noise conditions (n = 132 over 2 yr), encompassing roughly 20% of the total data recorded. Each hour was reviewed manually and compared against each song unit that was missed by the template detector. Our results showed false negative detection errors of 11% in 2006 and 6% in 2008.
Song session length
Song session lengths of humpback whale song were analyzed in detail for the 6 random days selected per month. Based on consistent repeating patterns found in the recordings, sections of singing were divided into song sessions, which are composed of songs, made up of different themes, which are made up of phrases, and in turn made up of units (Payne & McVay 1971) . Songs were usually repeated without significant breaks. For the present study, song sessions were delineated by a significant gap of silence of at least 1 min (as in Guinee & Payne 1988) due to the absence of a clear marker, such as the surface ratchet reported in previous studies (e.g. Cerchio et al. 2001 , Fristrup 2003 .
In order to document and compare seasonal variation in song session length, the duration of each song session was measured as the time from the start of the first unit of a song session to the end of the last unit in the song session; the end of the song session was considered the start of an interval of silence lasting at least one minute. Therefore, consecutive measures of song session length may potentially include many song sessions sung by the same individual. If more than one singer occurred in a period of singing, as visually de tected by overlapping spectral units in the spectrogram, the sample was noted for song presence but was excluded from the song session length dataset due to the difficulty of determining where one male began or ended his song.
Statistical analyses
Non-parametric Kruskal-Wallis tests were used to compare song occurrence (h with song d −1
) and song session length (s) over all months, since assumptions for parametric tests were not met; despite large sample sizes (n > 275 for both analyses), data were not normally distributed. In addition, there is independence bias, because particularly vocal singers drive much of the variability in occurrence and song session length. Since only a single singer is usually heard at any time, and since it is impossible to quantify how many individuals actually contribute to the song heard in SBNMS, this bias cannot be avoided. 
RESULTS

Song occurrence
Song occurred during all recording months (i. (Fig. 3 ). There were more instances of singing from April to May and October to December. Some differences be tween years were apparent in the occurrence of song. (Table 1) .
Song session length
Song session length differed significantly be tween months in both years (Kruskal-Wallis χ (Fig. 4) . Based on post hoc pairwise MannWhitney U-tests with Bonferroni corrections, song sessions were longest in April of both years, November and December exhibited long song sessions in 2006, and May exhibited long song sessions in 2008 (Table 1) . In some months of de tected song occurrence, there were poor quality recordings or too few data to derive a meaningful measure of song session. Within a total of 262 h of measured song sessions, single singers were predominant throughout the year, with multiple singers (2 or 3) detected for a total of 44 h (17%). Multiple singers were only present in April, October, November and December when both song occurrence and song session length were highest.
DISCUSSION
This study shows that the occurrence of humpback whale song is pervasive and can be heard throughout the year, over at least 2 years, on a mid-latitude feeding ground. Intensive humpback whale singing occurs over protracted periods in spring and fall in the SBNMS feeding area, while small amounts of singing occur throughout the whole year. These results expand considerably upon our previous understanding of song occurrence for this area, where previous detection was mainly confined to mid-May, early June, or November (Mattila et al. 1987 , Clark & Clapham 2004 . Our passive acoustic monitoring in SBNMS has provided fine-scale, year-round information demonstrating that humpback whale singing activity, albeit low compared to breeding ground singing activity, is most likely not an unusual occurrence in this area but rather a yearly persistent event. These results add to the growing body of literature that demonstrate the persistent presence of humpback whale song on migratory pathways and feeding grounds (e.g. McSweeney et al. 1989 , Charif et al. 2001 .
The occurrence of song in the SBNMS area was not uniform throughout the year. The highest occurrence of song and longest song sessions were generally heard from April to May and October to December, with marked waning in occurrence and song session length from June to September and January to March. This variability in song occurrence and song session length could be driven by 2 different causes. The first is seasonal variation in the amount of singing by male humpback whales, and the second is variation in the actual abundance of male singers in the area. In SBNMS, the number of singers acoustically detected in the area at a given time was consistently low (maximum of 3 singers in the array). This predominance in the number of solo singers was also detected in a separate study on a high-latitude feeding ground in southeastern Alaska (Gabriele & Frankel 2002) , which contrasts markedly with the much larger number of simultaneous, chorusing singers on tropical breeding grounds. We detected no clear increase in simultaneous singers like that ob served on SOSUS sensors in deep offshore waters in the western North Atlantic where there was a peak in the daily number of singers from January to May (Clark & Gagnon 2004) . Therefore, a dramatic change in the number of male singers does not ap pear to drive the seasonal variation observed in SBNMS. However, the presence of male singers outside of the main April-May and October-December feeding ground singing periods demonstrates that a single individual male's motivation to stay within SBNMS likely drives some of the ob served presence of song during the months of sparse song.
Humpback whale sighting rates (a measure of humpback whale abundance without correction for . Note the different y-axes scales. For sample sizes see Table 1 Month sex ratio) are highest from May to October and lowest from November to April (Robbins 2007) . The May increase in humpback whales identifies the time period when most whales arrive on the SBNMS feeding grounds. This increase in humpback whale abundance reflects their use of SBNMS to forage on sand lance Ammodytes spp. as their primary prey (e.g. Hain et al. 1982 , Payne et al. 1990 , Clapham et al. 1993 ), no more than 3 singers were acoustically detected at the same time within SBNMS. In June, humpback whale presence in the area does not wane, as evidenced by their high abundance in SBNMS (117 to 160 ind. n mile -1 , Robbins 2007) . In the present study, males seem to travel from their breeding grounds along migration routes and arrive while still in the habit of singing full song. However, males decrease their singing or stop altogether, presumably to concentrate on feeding on sand lance instead. Towards late autumn, the mean number of humpback whales present in SBNMS decreases sharply to 70 (October) and 10 ind. n mile -1 (November), as most whales travel back to the Caribbean breeding grounds. Despite this decrease in numbers, male singing increases in early October and carries on through December. Clark & Clapham (2004) suggested that singing on feeding grounds may be driven by elevated testoste rone levels in spring and autumn, and depressed levels in mid summer, similar to the welldocumented hormonal control of the avian song control system (Brenowitz 2004) . Alongside the documented seasonal change in humpback whale testes (Chittle borough 1955), the results of our study are congruent with the hypothesis of a seasonal cycle of hormones and its potential role in humpback whale song production. Residual hormonal activity from the end of the breeding period in spring could account for the increased detection of singing in the spring months, and an expected decrease in hormonal activity could result in decreased song in mid-summer. The autumn increase in song could be attributed to increases in hormonal activity prior to the onset of the breeding season. This hypothesis was discussed recently (Wright & Walsh 2010) with the assertion that there is a seasonal neurological change associated with hump back whale song production. While our study supports Wright & Walsh's (2010) hypotheses, it is important to note that singing still occurs outside of breeding seasons in the present study, and the hypothesized change in neurological activity should not preclude the production of complete songs.
Singing males in 2008 were even present throughout January and early February. This demonstrates that males start to display song well before they have reached their breeding sites. It also suggests that not all males necessarily travel to their breeding grounds, either choosing to travel there late or not at all. The year-round presence of males in SBNMS with protracted singing possibly substantiates Clark & Clapham's (2004) suggestions that song represents lowcost opportunistic advertisement by males to either allow assessment of males by females and/or to immediately court females who failed to conceive the previous winter. These hypotheses assume that male singing occurs in the presence of females. This requires that the females remain on feeding grounds during winter. In fact, Brown et al. (1995) demonstrated that female humpback whales do not migrate in certain years, most likely because they choose to stay on their feeding grounds and increase their body condition.
It is important to realize that partial and full humpback whale song is also present on recordings from more northerly feeding grounds off the Scotian Shelf, the British Isles, Eastern Greenland and Iceland throughout the winter (Charif et al. 2001, S. Nieukirk pers. comm.) . Therefore, protracted and structured singing on a feeding site is not simply a phenomenon demonstrated by male humpback whales on the southernmost feeding ground. The pattern of semiannual peaks in song has also been detected by passive acoustic arrays in the Pacific Ocean off the coast of southern California (J. Hildebrand pers. comm.) which suggests that this pattern exists in different ocean basins and is governed by geographically separate but temporally synchronous mechanisms.
Studies of humpback whale song structural changes on both the breeding grounds and migration routes have shown that song in these areas can show both gradual as well as rapid punctuated change (Payne & Payne 1985 , Noad et al. 2000 , Cerchio et al. 2001 . McSweeney et al. (1989) showed that, for whales on Alaskan feeding grounds, songs contain all the same material, sung in the same order, as that heard off Mexico and Hawaii in the surrounding wintering seasons. However, song, theme and some phrase durations are abbreviated in the Alaskan songs. Mattila et al. (1987) provided spectrograms of representative phrases within complete songs from both SBNMS and the West Indies, and noted similarity but did not perform extensive quantitative analyses. Therefore, detailed analyses of humpback whale song structure within SBNMS over multiple years as well as comparative analyses between the song in the West Indies and SBNMS may help to further elucidate when and where song changes in structure occur, and which components of the songs heard on the feeding grounds make up part of the final breeding ground songs.
The present study has presented seasonal patterns in non-breeding ground song occurrence and such patterns will become more clear as passive acoustic monitoring of SBNMS continues in the long term. The results of this study are largely congruent to the hypothesis of seasonal hormonal cycles having a role in song production but also provoke investigation of the general plasticity of humpback whale song production in an area where animals are given an incentive to exhibit feeding behavior (and consequently, feeding vocalizations) instead. Understanding the feeding/ breeding behavior dichotomy requires future investigation of song production in relation to feeding call production and how they relate to environmental and physiological conditions. 
